Groundwater flow in high-relief mountainous terrain is modeled to examine how geology, surface topography, climate, and regional heat flow influence the pattern and magnitude of an advective thermal disturbance. A numerical procedure is used to estimate the position of the water table within constraints provided by the available infiltration rate and the permeability of the mountain massif. Results show that where the water table is located at depth within the mountain massif, the rate of groundwater recharge, rather than permeability, is the appropriate factor to characterize the potential for an advective disturbance. Thermal disturbances should be assessed within the framework of the two-dimensional character of the flow system because interpretations based on one-dimensional models are prone to significant error. Modeling of sitespecific systems can exploit the existence of a permeability "window," where temperatures in discharge areas and in springs discharging from fracture zones reach peak values. Temperatures of thermal springs reflect the complex interaction between flow within the mountain massif and flow through permeable fracture zones. Consequently, simple calculations relating the geothermal gradient, depth of maximum groundwater circulation, and discharge temperature improperly represent the physics of the process.
INTRODUCTION
Ongoing interest in characterizing the Earth's thermal state, investigating the nature of certain geologic processes within the upper crust, and exploring for geothermal resources has led to the collection of heat flow data in mountainous regions. A subset of these data indicates that groundwater flow can cause a significant advective disturbance of thermal regimes [Steele and Blackwell, 1982 rather than assuming an arbitrary water table configuration. This is accomplished using a free-surface modeling technique. Second, we incorporate permeable fracture zones as discrete entities that play an important role in the development of thermal springs. This approach has enabled us to characterize the nature of groundwater flow systems in mountainous terrain and to demonstrate the important influence of the thermal regime on mountain-scale flow systems [Forster and Smith, 1988b] . This paper expands our work to examine the influence of fluid flow on thermal regimes. The modeling results have implications for assessing the way that advective heat transfer modifies the near-surface expression of regional heat flow, controls the genesis of landform-controlled ore deposits, and influences the development of geothermal systems. Topics to be considered include (1) the nature and magnitude of advective heat transfer, (2) the interaction of thermally driven free convection and topographically driven The upper boundary of the domain is the bedrock surface. The thin cover of discontinuous surficial deposits typical of upland areas of mountain slopes is viewed as a thin skin of variable thickness that is not explicitly included in the model. Resistance to heat transfer in the thin surficial deposits is assumed negligible so temperatures at the bedrock surface match those at the ground surface. Surface temperature conditions are defined in terms of a reference surface temperature (T r) and a thermal lapse rate (G). Exceptions occur where fractures outcrop to produce springs. In such cases, temperatures at the bedrock surface are assumed to reflect the temperature of groundwater flowing in the fracture zone rather than the ambient air temperature.
In earlier numerical studies of coupled fluid flow and heat transfer in regional-scale flow systems, it is assumed that the water table is the upper boundary of the flow domain [e.g., Smith and Chapman, 1985 ]. An important limitation of this approach is that the magnitude and spatial distribution of groundwater recharge are imposed implicitly when a water Adopting this approach enables us to control the pattern and magnitude of groundwater recharge without specifying, a priori, the position of the water table.
Heat is transferred by both conduction and advection throughout the domain shown in Figure 2 . Advective heat transfer above the water table is represented by onedimensional movement of fluid, in the liquid phase, at a rate determined by the available infiltration rate. By assuming that the lower limit for infiltration rate is 10 '•2 m s 4, vapor movement can be taken to be negligible [Ross, 1984] . [1988a] . Key assumptions include (1) steady state fluid flow and heat transfer in a saturated porous medium with onedimensional fluid flow through the unsaturated zone at the available infiltration rate, (2) no internal heat sources or sinks, (3) thermal springs presumed to discharge only from major through-going fractures intersecting the bedrock surface, (4) thermal equilibrium existing between fluid and solid, (5) the fluid being pure liquid water with density and viscosity a function only of temperature and pressure, (6) the heat capacity and thermal conductivity of the fluid being constant, and (7) porosity, permeability, and thermal conductivity In adopting this approach, we neglect a variety of factors (slope aspect, transients in surface temperature and groundwater flow, and complex heterogeneities in thermal and hydraulic properties) in order to concentrate on the character of advective heat transfer within a mountain massif.
The influence of these factors on groundwater flow systems and hence on advective heat transfer has been assessed by Forster and Smith [1988b] . Factors other than long-term hydrologic and thermal transients caused by climate changes or igneous activity are judged to be of secondary importance [Forster and Smith, 1988b 
RESULTS OF NUMERICAL SIMU•TIONS
Simulations are performed by assigning a set of fluid flow and thermal parameters (Table 1) In the following paragraphs, frequent reference is made to a reference case simulated using the parameter values listed in Table 1 Figures 3a-3c) , the convex domain with doubled heat flow (Figures 3d and 3e) and the concave domain with reference heat flow (Figures 3f and 3g) . ................. __ ................... 
Permeable Fracture Zones and Thermal Springs
As topographic relief increases, permeable fracture zones have a greater impact on the development of groundwater flow systems and thermal regimes [Forster and Smith, 1988b] . The interrelationship between permeable fracture zones and regional flow systems has received little attention, yet it has important implications for understanding the origin of fault-controlled thermal springs and assessing the effects of chemical alteration on the mechanical properties of faulted rocks. In contrast to previous model studies [Lowell, 1975; Sorey, 1978; Kilty et al., 1979; Goyal and Kassoy, 1980; Bodvarsson et al., 1982] , fluid flux within the fracture zone in this study is dictated by conditions controlling the regional flow system, rather than by a specified fluid source at depth or by a specified uniform fluid flux within the fracture zone. This difference reflects the fact that our approach allows fluid to enter, or leave, the fracture zone at any point along its length. Previous workers often assume an impervious fracture wall or specify a uniform fluid flux within the fracture.
We represent fracture zones in our model with a series of line elements having uniform thickness (b) and a homogeneous equivalent porous medium permeability (kf). 4. High-relief surface topography can cause lateral variations in the thermal regime that, in turn, promote thermally driven free-convection cells within a mountain massif subject to uniform basal heating. In the cases considered here, the thermally driven system must be isolated from the overlying topographically driven flow system by a low-permeability horizon. Otherwise, the free-convection cells will be displaced or obliterated by the topographically driven flow system. 5. Thermal springs discharging from a permeable fracture zone must be examined in the context of the regional hydrologic setting. Discharge temperatures reflect a complex interaction between fluid flow within the mountain massif and fluid flow through the fracture zone. There is a permeability "window" for the mountain massif where the temperature of a thermal spring reaches a peak value. Simple calculations relating the geothermal gradient, depth of maximum circulation, and discharge temperature do not reflect the proper physics of the process.
